Abstract This work presents the investigation of some commercially available and commonly used Si 3 N 4 foils prepared with LPCVD technique. The density and the stoichiometry of these films were determined by Rutherford backscattering spectroscopy and profilometry, while the study of impurities was achieved with particle induced X-ray emission method. It was found that the density of the studied Si 3 N 4 films is significantly less (*2.71 g cm -3 ), while the stoichiometry is close to the values of the bulk material. The results were verified by measuring the ion energy loss through the films by scanning transmission ion microscopy.
Introduction
Thin films of silicon nitride (SiN x ) have very attractive physical and chemical properties, such as high thermal stability, high electrical resistivity, chemical inertness, extreme hardness and good dielectric properties. Therefore, they are widely used in microelectronic devices [1] or in micromechanical sensors [2] . They can be used as electrical insulators or a diffusion barrier when they are used as a mask [3] . Furthermore, because of their high mechanical resistance the silicon-nitride thin films are commonly used as a high-vacuum window-for example in accelerator based external ion beam applications or atmospheric scanning electron microscopy-or in nuclear physics experiments as a nitrogen and silicon standard material [4] [5] [6] .
These films are commonly prepared by low pressure chemical vapour deposition (LPCVD) method from a gas mixture of dichlorosilane (SiH 2 Cl 2 ) and ammonia [7, 8] . By controlling the composition of these films it is possible to modify certain physical and electrical properties, such as refractive index, band gap, dielectric constant, density and stress, which are important for the desired applications. Although a large number of detailed investigations [9] [10] [11] have been carried out on the deposition and characterization of silicon-nitride films obtained by different preparation techniques, it is still a challenge to characterize the quality and the stoichiometry of the produced thin films. Most preparation technique claim to produce quality and stoichiometric material, while there is no experimental method which is able to verify the above properties easily. Furthermore, in many applications, beside the quality and the stoichiometry, the density of the film is also a crucial parameter (for example in nuclear physics experiments as a standard material or as a vacuum window in external particle beam setups). However, the density of the prepared silicon-nitride film is mostly unknown or it is estimated from the density of the bulk, stoichiometric Si 3 N 4 , which can be very far from the real density value. Previously, the density of a laboratory prepared non-stoichiometric SiN x films on silicon substrate were investigated by different techniques [12] , but it is still different from the value accepted and used nowadays (*3.1-3.44 g cm ) for SiN x films prepared by LPCVD method.
In this article, we report the determination of the density of some commercially available and commonly used Si 3 
Experimental details
In our investigation we analysed LPCVD deposited Si 3 N 4 foils [13] with various thicknesses from two manufacturers: 100 and 200 nm thick foils from Norcada Inc. and 200 and 500 nm from Silson Ltd. The uncertainties of the Si 3 N 4 foils thickness was given between 7 and 10 %, the stoichiometry of the foils is close to the *0.75 Si/N. Moreover, in the absence of self-measurements the density given by the manufacturers was 3.1 g cm -3 . The experiments were carried out on the Oxford-type [14] nuclear microprobe facility at the Institute for Nuclear Research, Hungarian Academy of Sciences, Debrecen, Hungary [15] . The energetic ions were produced by a 5 MV single ended Van de Graaff accelerator.
Rutherford backscattering spectrometry measurements were implemented with focussed 1000, 1500 and 1600 keV He ? ion beams. Two ORTEC-type surface barrier silicon detectors (''ULTRA'' ion-implanted, 50 mm 2 sensitive area and 25 keV system energy resolution) were used for the RBS measurements, simultaneously. One of the detectors was placed at a scattering angle of 165°at Cornell geometry and the other one was set to 135°at IBM geometry [16, 17] . The beam was focussed to a 2 9 2 lm 2 spot while the scan size was set to 500 9 500 lm 2 . The sample chamber is equipped with a high precision vacuum generators 5-axis goniometer. Two laser beams placed at 45°-45°degrees to the ion beam was used to position the sample to the appropriate geometry.
The system accuracy was verified on palladium standards with different thicknesses (50, 100, 150, 200 nm) evaporated onto a silicon substrate. The real layer thicknesses were measured by an independent technique (profilometry). The uncertainty was determined based on the deviation between the layer thickness obtained from profilometry and measured by RBS. Thus, the measured stoichiometry and areal atomic numbers were taken into account with 3 % uncertainty.
In order to get more detailed information of the composition of the Si 3 N 4 films, PIXE measurements was performed using 2000 keV H ? ion beam. The experimental setup consists of two Si(Li) X-ray detectors-an ultra-thin windowed and a Be windowed one-for the simultaneous and efficient detection of light, medium and high Z-number elements [18, 19] .
Scanning transmission ion microscopy experiments were carried out with 1000 and 1600 keV He ? ion beam in order to verify the thickness and density of the foils, by measuring the energy loss of the ions through the foils. For these measurements, a 50 mm 2 Canberra type PIPS particle detector (11 keV nominal energy resolution) was installed at on-axis geometry, 60 mm from the sample. The measured energy loss was influenced by the energy spread of the accelerator which is around 1 keV [20] .
RBS spectra were evaluated with the SimNRA computer code version 6.06 [21] and for the evaluation of the PIXE spectra the GUPIXWIN program package was used [22] . The ion energy loss was calculated with the SRIM code [23] (for the calculations the measured sample thicknesses were taken into account).
In order to determine the thickness of the silicon-nitride films a profilometer instrument was applied (AMBIOS XP-I type). The average thicknesses of the foils were determined in several points after the ion beam analytical (IBA) measurements. In order to eliminate the uncertainties from the thickness determination we ruptured the foils and we carried out the profilometry measurements at least three different points, close to the RBS and STIM measurement areas. Due to the high accuracy of the profilometer instrument (±1 nm), the main source of the uncertainty of the measured thickness is the inhomogeneity of the foils. Therefore we give an estimate of 4 % as the uncertainty of the thickness. This value was calculated from the standard deviation of the measured thicknesses of the foils with different nominal thickness. For the density calculations, the averaged thickness of each samples (foils) were used.
The final uncertainty of the density values was derived from the quadratic sum of each parameter such as stoichiometry (3 %), areal atomic number (3 %) and thickness of foils (4 %). These final uncertainties are indicated in Table 1 .
Results and discussion

Rutherford backscattering measurements
The direct determination of the density of a deposited thin film is mostly impossible. However, it can be determined by measuring the thickness and the areal atomic number (atom cm -2 ) of the film directly, for example, by IBA techniques [24] . It is known that the density of thin films is generally lower than the bulk density. The information gained from IBA measurements about film composition, film areal density and physical thickness by profilometer can be used to calculate the film density.
In our study, RBS measurements were carried out to determine the atomic number and profilometer measurements were performed to achieve the thicknesses of the Si 3 N 4 films. Figure 1 shows the RBS spectra recorded on Si 3 N 4 foils with various thickness.
In the case of the 500 nm thick samples, the simulated spectra did not fit well with the measured data if only siliconnitride layer was taken into account. Significant N shift was observed in the Si/N stoichiometry. A new silicon-oxide layer (about 2 9 10 17 atom cm
) had to be introduced into the backside as a second layer for a good fit (its peaks can be seen on Fig. 1b) . Independently from this, oxygen impurities may be exist in the film homogeneously. The presence of oxygen in the layer suggests that oxidation of the silicon might happened. This oxide layer might occur during the production, since the fabrication of thicker layers is not a one step process, so between the production steps oxygen may be built into the layers as silicon-oxides. Oxygen was detected by the PIXE measurements as well (see next chapter). The sample name shows the producing company and the nominal thickness
The density value of the films produced by different manufacturer show differences. Nevertheless, the density values are equal within 1 sigma uncertainty. Thus, the 2.71 ± 0.11 g cm -3 value is accepted as an average density value and standard deviation of these foils, which was calculated taking into account each measurements ). The measured data was fitted and the spectra were simulated with the SimNRA code.
In the case of the sample Silson 500 nm (b), a new silicon-oxide layer had to be introduced into the backside as a second layer for a good fit (because of that, the O peak of the SiO 2 shifted to the lower energies)
The result of the fitting procedure, the atomic number per unit area (atom cm -2 ) was obtained which was converted to g cm -2 first and then it was divided by the thickness. Table 1 shows the average thickness, the measured areal atomic concentrations and the calculated densities of the different Si 3 N 4 films.
STIM analysis
Scanning transmission ion microscopy measurements were performed with 1000 and 1600 keV He ? ion beam in order to verify the thickness and density of the foils. We measured the energy loss of the ions passing through the foils and compared it with the calculated energy loss values using the SRIM code with the built in density (*3.44 g cm -3 ) and our determined densities of the Si 3 N 4 . Figure 2 shows the spectra of the STIM measurements recorded on Norcada 100 nm and Norcada 200 nm Si 3 N 4 foils using 1.0 MeV He ? ion beam.
The calculated He ? energy losses through the Si 3 N 4 films fit very well with the experimental results when the densities determined by the RBS method were used. However, when using the density from the literature (*3.1-3.44 g cm -3
) or even the value given by the manufacturer (*3.1 g cm -3
), the calculated energy losses show significant discrepancy from the measured data. Therefore the calculated average density value (2.71 ± 0.11 g cm -3
) using RBS technique is supported to use as a standard value in the applications (e.g. calculation of energy loss and number of target nuclei). This value is also very similar to the one in ref [12] , although the preparation method of the studied films was different.
PIXE analysis
Particle induced X-ray emission measurements were carried out to examine impurities and other trace elements what the sample might have contained. The preparation method of these thin foils is based on the reaction between dichlorosilane and NH 3 so some Cl content can be remained in the samples during the process. Figure 3 shows the PIXE spectra of the 200 and 500 nm thick Si 3 N 4 foils. Table 2 shows the chlorine concentrations obtained from the PIXE measurements. The measured Si 3 N 4 foils contained chlorine impurities which might originate from the dichlorosilane starting material (or occurred during the post-production treatments). Fig. 2 The STIM spectra of a Norcada 100 nm (filled diamond) and b Norcada 200 nm (filled square) Si 3 N 4 foils using 1.0 MeV He ? ion beam (filled circle). The SRIM calculation A was performed using the built in density value (*3.44 g cm ) of the Si 3 N 4 (dashed line), while in the case of SRIM calculation B we used the density values which were determined in this work (straight line, see Table 1 ). The measured curve is shifted with the calculated energy loss to visualise the calculated data (for the calculations, the measured sample thickness was used). The energy spread and the determination of central position of peaks may cause 3 % uncertainty in the values of the energy loss The PIXE measurements showed that there was oxygen impurity in the samples in the range of *2000-3000 ppm, in all cases. Contrary to the case of the 500 nm thick foils where the oxygen was in a silicon-oxide layer, the source of this oxygen is not known; it can be in the material or on the surface as an environmental contamination as well.
Conclusions
In this study, the determination of the density of some commonly used thin Si 3 N 4 films have been reported using ion-beam analytical methods, such as RBS, PIXE spectroscopy and STIM.
By RBS and profilometry measurements we determined the density and stoichiometry of the different LPCVD deposited Si 3 N 4 foils. We found that the density of the thin Si 3 N 4 significantly differ from the density of the bulk material, generally it is about 15-20 % lower. STIM measurements were performed in order to verify the density of the foils. We found that the calculated He ? energy losses on the different Si 3 N 4 thin films match very well with the experimental results when calculation use the densities determined by the RBS method. The PIXE measurements showed chlorine impurities (*0.3-0.4 %) which is probably originated from the starting material, during the production.
In conclusion, the combination of IBA techniques and profilometry can provide valuable information on the density of the films produced by various processing methods. We suggest the value of 2.71 ± 0.11 g cm -3 as a density of Si 3 N 4 films in different applications (e.g. calculation of energy loss and number of target nuclei).
